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SUPPLEMENTARY MATERIALS
www.sciencemag.org/content/351/6271/369/suppl/DC1 Materials and Methods Figs. S1 to S15 The Archean Eon witnessed the production of early continental crust, the emergence of life, and fundamental changes to the atmosphere. The nature of the first continental crust, which was the interface between the surface and deep Earth, has been obscured by the weathering, erosion, and tectonism that followed its formation. We used Ni/Co and Cr/Zn ratios in Archean terrigenous sedimentary rocks and Archean igneous/metaigneous rocks to track the bulk MgO composition of the Archean upper continental crust. This crust evolved from a highly mafic bulk composition before 3.0 billion years ago to a felsic bulk composition by 2.5 billion years ago. This compositional change was attended by a fivefold increase in the mass of the upper continental crust due to addition of granitic rocks, suggesting the onset of global plate tectonics at~3.0 billion years ago.
M agnesium content (and its ratio to other elements) is commonly used as an index of igneous differentiation and melting conditions, which are responsible for much of the compositional variation seen in silicate rocks. Thus, MgO content serves as a first-order measure of silicate rock differentiation. Estimating the average MgO content in the upper continental crust, and from that the bulk composition of this crust is, however, challenging. There are two basic approaches to determine the composition of the upper continental crust (1-3): (i) weighted averages of surface rocks and (ii) average compositions of terrigneous sediments such as shales (1, 2) and glacial diamictites (4) that naturally sample large areas of the upper continental crust. The surface rock method is compromised by sampling bias, which becomes increasingly critical with age, because erosion removes the upper continental crust with time, and ultramafic and mafic (magnesium-and ironrich) rocks may be eroded faster than felsic (silicaand aluminum-rich) rocks (1). The terrigenous sediment method cannot provide robust average concentrations of soluble elements such as Mg, which are preferentially dissolved and transported to the oceans during chemical weathering (5) .
We compiled geochemical data for Archean shales (including pelites and graywackes), glacial diamictites (4), and igneous rocks from 18 Archean cratons (6) to demonstrate that Ni/Co and Cr/Zn ratios provide relatively tight constraints on the MgO content in the Archean upper continental crust. We use the term "continental crust" here, although the nature of the crust that was emergent (i.e., exposed to weathering, and hence the generation of terrigenous sedimentary deposits) in the Archean may have been very different from the felsic crust that we know today (7) .
First-row transition metal ratios Ni/Co and Cr/Zn show positive correlations with MgO content in igneous and metaigneous rocks from Archean cratons ( Fig. 1) and melts. In particular, Ni and Cr are more compatible than Co and Zn in fractionating phases [such as olivine, spinel, and pyroxenes (8-10)], making Ni/Co and Cr/Zn ratios sensitive to the earliest stages of igneous differentiation. Ni, Co, Cr, and Zn are generally insoluble during chemical weathering (2) , and their ratios should thus reflect the provenance of fine-grained terrigenous sedimentary rocks. The Ni/Co and Cr/Zn ratios show secular trends in sedimentary records (Fig. 2) . Archean sedimentary rocks are characterized by high Ni/Co and Cr/Zn ratios, whereas post-Archean sedimentary rocks have much lower and relatively constant Ni/Co and Cr/Zn ratios. The average Ni/Co and Cr/Zn ratios in the latter (11) are consistent with estimates of the presentday upper continental crust composition derived from average loess and from large-scale surface sampling (Fig. 2) . Cr can be oxidized to soluble Cr 6+ in contact with present-day atmosphere (12) . However, the low concentrations of Cr in presentday seawater [~4.0 × 10 −9 mol/kg (13)], which hosts large amounts of soluble elements from the continents (~4.7 × 10 −1 mol/kg of Na and~5.3 × 10 −2 mol/kg of Mg), does not support the idea that there was significant Cr loss from the upper crust due to oxidative weathering. In the anoxic Archean, Cr is expected to have been even less mobile. Lithology-sensitive weathering rates may potentially bias the composition of terrigenous sediments, but currently we don't see evidence for this effect on Ni/Co and Cr/Zn ratios (6). We thus conclude that there is limited fractionation between Ni and Co, or Cr and Zn, due to the processes that occur during weathering, erosion, sedimentation, and diagenesis. The Ni/Co and Cr/Zn ratios in fine-grained terrigenous sedimentary rocks decrease with time within the Archean Eon, approaching the values of the present-day upper continental crust at the end of the Archean (Fig. 3) . The decreasing Ni/Co and Cr/Zn ratios with time reflect progressively more felsic (lower MgO) upper continental crust from the Mesoarchean [3.5 to 3.0 billion years ago (Ga)] to the Neoarchean (3.0 to 2.5 Ga). The Ni/Co-and Cr/Zn-age correlations established for samples from many continents suggest that these systematics reflect global crustal evolution rather than regional phenomena.
We conducted a Monte Carlo mixing simulation to determine the average MgO content of the Archean upper crust (6), which we assumed was composed of rocks represented in the compiled Archean craton rock data set (n = (Fig. 4) Ni/Co
Depositional age, Ga Shales and Cr/Zn (Fig. 3) . We found that the MgO content in the upper continental crust decreases from >11 weight % (wt %) in the Mesoarchean to~4 wt %, at the end of the Archean, which is close to the present-day level of 2 to 3 wt % (3). The mafic upper continental crust in the early Archean was gradually replaced by a felsic upper continental crust in the Neoarchean and reached an average composition much like that of today around the Archean-Proterozoic boundary. The consistently low Ni/Co and Cr/Zn ratios in postArchean sediments (Fig. 2) suggest a nearly constant composition for the upper continental crust since 2.5 Ga.
Although it has a high MgO content, the Archean upper continental crust may contain up to 40% tonalite-trondhjemite-granodiorites (TTGs) (Fig. 4) . The budgets of incompatible elements in the sediments are controlled by the TTG components (yielding high La/Sm ratios), whereas transition metals (Ni, Co, Cr, and Zn) are controlled by mafic components.
Through most of the Archean, the upper continental crust had a mafic bulk composition (Fig. 4) . This mafic composition, however, is not reflected in the mineralogy of Archean clastic sediments, which typically contain felsic minerals (e.g., detrital quartz, muscovite, and feldspar) (14) . This disconnect between geochemical and mineralogical observations, as well as the low MgO contents in most Archean terrigenous sedimentary rocks (15) , probably reflects preferential dissolution of mafic components (minerals and glasses) during chemical weathering (6) . Minerals such as olivine weather congruently, releasing Mg, which is then transported to the ocean, where it may be sequestered into altered seafloor basalts through reverse weathering (16) . Mafic to ultramafic volcanic glasses weather in a similar manner. In contrast to MgO, Ni, Co, Cr, and Zn may be incorporated into clay minerals or incorporated as metal-rich accessory phases after their release from the primary igneous phases.
We constructed a growth curve for the Archean upper continental crust based on MgO mass conservation. We assumed dilution of the upper continental crust MgO by addition of TTGs with an average of 1.4 wt % MgO (17) . To make an upper continental crust with MgO of 4 wt % at the end of Archean requires the addition of a TTG mass that is four times that of the mafic upper continental crust older than 3.0 Ga (Fig. 4) . Any addition of mafic igneous rocks to the upper continental crust would require even more felsic magma to balance the MgO content. Together, these observations suggest at least a fivefold mass increase of the upper crust in the Archean, with much of the felsic rocks being delivered in the Neoarchean. This inferred massive crustal growth in the Neoarchean is in line with certain crustal growth models (2, 18) and corresponds to the peaks at~2.7 Ga seen in both zircon U-Pb age (18, 19) and mantle xenolith Re depletion age (20) spectra. Because our calculations are based on insoluble elements, the results are insensitive to weathering processes.
Such dramatic changes in the composition and mass of the upper continental crust suggest a profound and fundamental change in the processes that formed the Archean crust (Fig. 4) . The rise of voluminous felsic magmatism that produced the TTGs, and the processes that formed the Archean TTGs, might have driven the evolution of the Archean crust. TTGs may be generated from both nonsubduction (the melting of mafic rocks in the lower crust) (21) (22) (23) (24) and subduction (the melting of subducted plates) (17, 25, 26) origins. Melting and recycling of lower crustal mafic granulites might have persisted throughout the Archean Eon because of the high mantle temperature at that time (27) . However, lower crust is generally depleted in water, which is important in the generation of granitic melts, including TTGs (28) . It is thus doubtful that lower crustal melting, in the absence of subduction processes, would be efficient in producing such large amounts of TTGs that increased the mass of the Archean upper continental crust by a factor of 5. Assuming that Earth experienced a period of stagnant lid or drip tectonics before the onset of plate tectonics (29), the subaerial crust, which probably evolved from oceanic plateaus, had a total area of a fraction of the present-day continental crust and a composition dominated by basalt mixed with komatiites and minor TTGs generated by lower crustal melting. Approaching 3.0 Ga, the onset of global plate tectonics would have provided a continuous supply of water to the mafic source (such as subducted oceanic crust) that resulted in the rise of voluminous TTGs and other felsic magmas (25) . Modern-style continental crust started to emerge, attended by extensive subduction in the Neoarchean. Substantially earlier global-scale plate tectonics (>3.5 Ga) are unlikely, considering the rapid mafic-felsic transition within the last 0.5 billion years of the Archean Eon. This timing is consistent with the constraints from diamonds from the subcontinental mantle (30) , secular changes in Hf and O isotopes in zircon (31) , and Rb-Sr systematics in magmatic records (7). 
